The aryl hydrocarbon receptor (AHR)-dependent induction of cytochromes P450 (P450) such as CYP1A1 by 3-methylcholanthrene (MC) and related polycyclic aromatic hydrocarbons is well characterized. We reported previously that MC treatment triggers a pronounced downregulation, particularly at the protein level, of mouse hepatic Cyp3a11, a counterpart of the key human drug-metabolizing enzyme CYP3A4. To determine whether this effect of MC requires hepatic microsomal P450 activity, we studied liver Cpr-null (LCN) mice with hepatocyte-specific conditional deletion of the NADPH-cytochrome P450 oxidoreductase gene. In vehicle-treated animals, basal levels of CYP3A11 mRNA and CYP3A protein immunoreactivity were elevated by approximately 9-fold in LCN mice compared with wild-type (WT) mice, whereas CYP3A catalytic activity was profoundly compromised in LCN mice. MC treatment caused suppression of CYP3A11 mRNA, CYP3A protein immunoreactivity, and CYP3A catalytic activity in WT mice, and the MC effects at the mRNA and protein levels were maintained in LCN mice. Flavin-containing monooxygenase-3 (Fmo3) induction by MC was suggested previously to occur via an AHRdependent mechanism requiring conversion of the parent compound to DNA-damaging reactive metabolites; however, hepatic FMO3 mRNA levels were dramatically increased by MC in both WT and LCN mice. MC did not function as a mechanism-based inactivator of CYP3A enzymes in hepatic microsomes prepared from untreated WT mice, under conditions in which 1-aminobenzotriazole caused marked NADPH-dependent loss of total P450 content and CYP3A catalytic activity. These results indicate that MC downregulates mouse hepatic CYP3A protein via a pretranslational mechanism that does not require hepatic microsomal P450-dependent activity.
Introduction
Human CYP3A4, an abundant cytochrome P450 (P450) enzyme in liver and intestine, metabolizes numerous drugs and endogenous chemicals. Little is known about the regulation of CYP3A4 and its murine counterparts by the aryl hydrocarbon receptor (AHR), the key mediator of adaptive and toxic responses to halogenated aromatic hydrocarbons (HAHs) such as 2,3,7,8-tetrachlorodibenzop-dioxin (TCDD) and polycyclic aromatic hydrocarbons (PAHs) such as 3-methylcholanthrene (MC). Although MC treatment decreases CYP3A4 expression and activity in primary human hepatocytes (Richert et al., 2009 ) and smokers display decreased CYP3A4-mediated conversion of ropivacaine to (S)-29,69-pipecoloxylidide (Jokinen et al., 2001) , both in vitro (He et al., 2006) and in vivo (Kassai et al., 1988) measures of midazolam clearance reveal no differences between smokers and nonsmokers.
The mouse Cyp3a subfamily includes eight members, with Cyp3a11 encoding the most abundant hepatic CYP3A protein in male mice (Yanagimoto et al., 1997) . TCDD, an essentially nonmetabolized AHR agonist, causes AHR-dependent suppression of hepatic CYP3A11 (Lee and Riddick, 2012) and CYP3A13 (Ovando et al., 2006) mRNA levels. Proteomic analysis showed that MC, a readily metabolized AHR agonist, decreases mouse hepatic CYP3A11/16/41 protein levels (Jenkins et al., 2006) and we found that the decrease in mouse hepatic Cyp3a11 expression caused by MC was particularly pronounced at the protein level (Lee et al., 2006) . MC is biotransformed by constitutive and inducible P450s into several oxidative metabolites, some of which are reactive and toxic (Wood et al., 1978) . Parent PAHs strongly inhibit the P450s involved in PAH bioactivation (Shimada and Guengerich, 2006) and MC can be converted to reactive metabolites that bind covalently to microsomal proteins including P450s (Tunek et al., 1979) . The rapid and pronounced loss of mouse hepatic CYP3A protein seen in response to MC treatment (Lee et al., 2006) suggested that MC may be metabolically activated to reactive products triggering CYP3A protein destruction. However, it was important to use a metabolism-deficient genetically modified mouse model to determine whether this MC response is due to the parent compound or the generation of metabolites.
The goals of this study were to determine whether suppression of Cyp3a11 by MC requires metabolism by hepatic microsomal P450s, and whether MC causes mechanism-based inactivation of mouse hepatic microsomal CYP3A enzymes. We studied mice that are essentially devoid of hepatic microsomal P450 activity due to hepatocyte-specific conditional deletion of the NADPH-cytochrome P450 oxidoreductase (Cpr or Por) gene, which encodes the key electron transfer partner for all microsomal P450s. These liver Cpr-null (LCN) mice also show compensatory increased expression of several P450 mRNAs/proteins and hepatic lipidosis (Gu et al., 2003) .
Materials and Methods
Treatment of LCN Mice. Details of the study on LCN mice were described previously (Lee et al., 2013 ) and a brief summary of the animal work is given here for context. This study used adult male (aged 8-9 weeks) LCN mice (AlbCre +/2 /Por lox/lox ) (Gu et al., 2003) and wild-type (WT) littermates (Alb-Cre 2/2 / Por lox/lox ), both on a C57BL/6 background, with approval from the Institutional Animal Care and Use Committee of the Wadsworth Center. Groups of four LCN and WT mice received a single intraperitoneal injection of MC (80 mg/kg) or an equivalent volume of corn oil vehicle. At 72 hours after injection, mice were euthanized and harvested liver tissue was frozen and stored for subsequent isolation of total RNA and microsomes.
Analysis of mRNA Levels by Real-Time Quantitative ReverseTranscription Polymerase Chain Reaction. Hepatic levels of mRNAs encoding CYP3A11 and flavin-containing monooxygenase-3 (FMO3), normalized to b-actin as the internal reference standard, were determined by the comparative threshold cycle relative quantitation method on the ABI Prism 7500 Sequence Detection System (Applied Biosystems, Foster City, CA). The CYP3A11 primers and optimized assay conditions were validated in our previous study (Lee and Riddick, 2012) , whereas the FMO3 primer sequences were derived from published work (Zhang et al., 2009) .
Immunoblot Analysis. General procedures were described previously (Lee et al., 2006) . Blots derived from gels originally loaded with 5 mg hepatic microsomal protein were probed with a rabbit polyclonal antibody against rat CYP3A2, dilution 1:50,000 (BD Gentest, Bedford, MA).
Luciferin Isopropyl Acetal Activity. Luciferin isopropyl acetal (Luc-IPA) is a highly specific probe substrate for human CYP3A4 , and we have used it as an index of mouse CYP3A catalytic activity since in vivo bioluminescence imaging and in vitro assays with mouse liver homogenate show strong induction of this activity by dexamethasone (Roncoroni et al., 2012) . Using a P450-Glo Assay (Promega, Madison, WI), liver microsomes (0.8 mg protein) were incubated with Luc-IPA for 30 minutes followed by incubation with the NADPH regeneration system for 30 minutes. Luciferin detection reagent (25 ml) was added to each 25-ml reaction mixture, and luminescence was read 30 minutes later using a TD-20/20 luminometer (Turner Designs, Sunnyvale, CA). Luminescence of a control reaction lacking microsomes was subtracted from each sample, and activities were normalized for microsomal protein content. All steps took place at room temperature, and the final concentration of Luc-IPA in the enzyme reactions was 3 mM.
MC as a Potential Mechanism-Based Inactivator of Mouse CYP3A. Adult male (aged 8-9 weeks) C57BL/6 mice from Charles River Canada (St. Constant, QC, Canada) were used in a study approved by the University of Toronto Animal Care Committee. After cervical dislocation, four independent pools of hepatic microsomes (each pool derived from 18 individual mice) were prepared by standard differential centrifugation techniques.
Hepatic microsomes (9-12 mg protein) from untreated mice were incubated in 6-ml reactions in 0.1 M potassium phosphate buffer, pH 7.4, containing 1.5 mM EDTA in the presence of MC (0.1, 1, 5, or 10 mM) and NADPH (1 mM) for 30 minutes at 37°C in a shaking water bath. The positive control 1-aminobenzotriazole (ABT) (1 mM) replaced MC in some reactions. The following controls were run: omission of NADPH and inactivator, omission of inactivator, and omission of NADPH. MC and ABT were dissolved in dimethylsulfoxide, with the final solvent concentration being 0.5%. Reactions were terminated by cooling samples on ice.
After this initial incubation phase, microsomes were reharvested by centrifugation to remove residual inactivator and thereby minimize competitive enzyme inhibition. Total P450 content was determined by the reduced-carbon monoxide difference spectrum method as described (Lee et al., 2006) . CYP3A immunoreactivity and Luc-IPA activity were assessed as above. For POR immunoreactivity, blots derived from gels originally loaded with 4 mg hepatic microsomal protein were probed with a rabbit polyclonal antibody against human POR, dilution 1:2000 (Santa Cruz Biotechnology Inc., Santa Cruz, CA). POR activity was assessed as the rate of cytochrome c reduction as described (Lee et al., 2013) .
Statistical Analysis. Data are expressed as the mean 6 S.D. of determinations from four mice or four microsomal pools. Statistical analyses were performed on the original raw data and not on the percentage of control data presented in the figures and some table columns. A result was considered statistically significant at P , 0.05.
For the in vivo MC treatment study, data were analyzed initially using a randomized-design two-way analysis of variance (ANOVA) to identify significant influences of the two independent variables and their interaction (treatment, genotype, treatment Â genotype interaction). Post-test analyses for the planned comparisons (treatment effect, genotype effect) were performed to assess whether there were significant differences between particular groups. Post tests were Bonferroni corrected for multiple comparisons and used the mean square residual (pooled variance) and corresponding degrees of freedom from the two-way ANOVA. In cases in which Bartlett's test revealed significant heterogeneity of variance (CYP3A11 mRNA, FMO3 mRNA, CYP3A protein), specific comparisons of interest were made using the nonparametric Welch-corrected unpaired t test. The magnitude of the MC effect in WT versus LCN mice was compared using the t test.
For the in vitro investigation of MC as a potential mechanism-based inactivator, control and treatment measurements from matched microsomal pools were compared using a repeated-measures design one-way ANOVA followed by a post hoc Newman-Keuls test.
Results and Discussion
An MC dosing regimen shown previously to cause robust induction of AHR target genes in WT and LCN mice (Lee et al., 2006 (Lee et al., , 2013 decreased hepatic CYP3A11 mRNA levels by 48 and 66% in WT and LCN mice, respectively (Fig. 1A) ; the magnitude of this response did not differ between mouse genotypes (P = 0.4327). In vehicle-treated mice, the basal CYP3A11 mRNA levels were 8.9-fold higher in LCN mice compared with WT mice (Fig. 1A) . As in our earlier work (Lee et al., 2006) , we assessed CYP3A protein levels using a rabbit polyclonal antibody raised against rat CYP3A2, which recognizes two protein bands (labeled "a" and "b" in Fig. 1B ) in mouse liver microsomes. Focusing on the more prominent upper band "a", thought to represent CYP3A11 (Katoh et al., 2005) , we found that MC decreased CYP3A immunoreactivity by 73 and 46% in WT and LCN mice, respectively (Fig. 1B) ; the magnitude of this response did not differ between mouse genotypes (P = 0.2400). The basal CYP3A protein signal intensity was 9.3-fold higher in LCN mice compared with WT mice (Fig. 1B) . At the functional level, we used Luc-IPA as a substrate to assess the activity of CYP3A enzymes, microsomal P450s that depend on POR for electron transfer. In vehicle-treated mice, the basal Luc-IPA activity of LCN mice was 18% of that seen in WT mice (Fig. 1C) . This activity was decreased by 46% in WT mice after MC treatment, but MC had no effect on the already low Luc-IPA activity in LCN mice (Fig. 1C) .
Consistent with these findings, LCN mice were previously shown to have a 11-fold elevation of CYP3A11 mRNA levels (Gu et al., 2003) and a marked increase in CYP3A protein (Gu et al., 2003; Weng et al., 2005) . The similar hepatic P450 reductase-null (HRN) mouse strain has a 7.7-fold elevation of CYP3A11 mRNA levels (Wang et al., 2005) and a marked increase in CYP3A protein (Henderson et al., 2003) . Increased basal expression of CYP3A11 mRNA and CYP3A protein in the LCN and HRN mice is thought to be due primarily to activation of the constitutive androstane receptor (Weng et al., 2005) by accumulated unsaturated fatty acids (Finn et al., 2009) . Despite the pronounced elevation of CYP3A11 mRNA and CYP3A protein, we confirmed that CYP3A catalytic activity is profoundly compromised in LCN mice due to loss of POR-dependent electron transfer to microsomal P450s, as reported previously for both LCN (Gu et al., 2003) and HRN (Henderson et al., 2003) mice. 
Downloaded from
We also studied the regulation of a hepatic gene postulated to show preferential induction after biotransformation of PAH-type inducers. Readily metabolized PAHs such as MC induce FMO3 mRNA levels in mouse liver and Hepa-1 mouse hepatoma cells and the following mechanism was proposed: AHR activation by PAHs causes induction of CYP1 enzymes that convert the parent compounds into DNAdamaging reactive metabolites, thereby leading to Fmo3 induction via activation of the p53 response pathway (Celius et al., 2010) . However, MC dramatically increased hepatic FMO3 mRNA levels by 964-and 510-fold in WT and LCN mice, respectively (Fig. 2) ; the magnitude of this response did not differ between mouse genotypes (P = 0.5010). The basal FMO3 mRNA levels did not differ between WT and LCN mice (Fig. 2) . The maintenance of the Fmo3 induction response in LCN mice versus WT mice suggests that the production of DNA-damaging reactive metabolites, if required, may occur through the actions of non-P450 enzymes and/or in cell types other than hepatocytes.
Using hepatic microsomes from untreated WT mice, we tested the hypothesis that MC is a mechanism-based inactivator of mouse CYP3As resulting in irreversible loss of catalytic activity and accelerated proteolytic degradation. The positive control was ABT, which causes well characterized mechanism-based inactivation of multiple P450s via formation of an NN-bridged benzyne-protoporphrin IX adduct (Ortiz de Montellano and Mathews, 1981) . Incubation of mouse liver microsomes with ABT for 30 minutes demonstrated marked NADPH-dependent P450 inactivation, with ABT lowering total P450 content to 36% and Luc-IPA activity to 3% of the levels observed after incubation with NADPH alone (Table 1) . As expected, incubation with ABT did not alter microsomal CYP3A protein levels, POR protein levels, or POR-mediated cytochrome c reduction activity (Table 1) . Concentrations of MC ranging from 0.1 to 10 mM did not cause NADPH-dependent loss of any of the microsomal parameters assessed (Table 1) .
The ability of MC to trigger comparable downregulation of CYP3A11 mRNA and CYP3A protein in the livers of both WT and LCN mice, together with the inactivity of MC as a P450 mechanismbased inactivator, suggests that CYP3A suppression by MC occurs via a pretranslational mechanism that does not require hepatic microsomal P450-mediated metabolism. Although we cannot rule out a role for MC metabolism by non-P450 pathways and/or in cell types other than hepatocytes, our findings are consistent with a key role for the parent drug MC in the CYP3A suppression response. This idea is also supported by our recent report that TCDD, an essentially nonmetabolized HAH-type AHR agonist, suppresses hepatic CYP3A11 mRNA levels in WT but not Ahr-null mice (Lee and Riddick, 2012) . Our current working hypothesis is that the suppression of mouse hepatic Cyp3a11 by both TCDD and MC involves AHR activation by the parent compounds. Dioxin-responsive elements (DREs) can be viewed as genomic sites for AHR recruitment with potential for transcriptional induction or suppression depending on the gene This antibody recognizes two mouse protein bands, as shown by the "a" and "b" labels on the right side, with the more prominent upper band "a" thought to represent CYP3A11. Quantitative analysis of CYP3A11 mRNA levels, relative to b-actin (A), CYP3A protein immunoreactivity levels as reflected by band "a" intensity (B), and Luc-IPA activity (C). Data represent the mean 6 S.D. of determinations from four mice per group, expressed as a percentage of the mean for the vehicle-treated WT mice. The P values for the two-way ANOVA main effects for the Luc-IPA data were P = 0.0001 (treatment), P , 0.0001 (genotype), and P = 0.0004 (interaction). Outcomes from nonparametric Welch-corrected unpaired t tests (CYP3A11 mRNA and CYP3A protein immunoreactivity, where heterogeneity of variance was detected) and Bonferroni-corrected post tests (Luc-IPA activity) were as follows: *significantly different (P , 0.05) from genotype-matched vehicle-control mice; † significantly different (P , 0.05) from treatment-matched WT mice. context (Riddick et al., 2003) . A recent phylogenetic analysis showed that 78% of the CYP3 family genes across a range of teleost species contain three or more DREs, some of which have been implicated in TCDD induction responses (Chang et al., 2013) . The same study reported that the human CYP3A4 and mouse Cyp3a11 promoters contain a single putative DRE; any regulatory role in response to AHR activation is unknown.
In conclusion, our studies with LCN mice and the inactivity of MC as a P450 mechanism-based inactivator indicate that MC downregulates mouse hepatic CYP3A protein via a pretranslational mechanism that does not require hepatic microsomal P450-dependent activity. It will be important to determine whether human CYP3A4 is also downregulated in response to HAHs and PAHs and if so, the molecular mechanisms involved and the functional impacts on the biotransformation of therapeutic agents and endogenous substances.
